Abstract. Biomaterials, such as Hydroxyapatite (HA) and Bioactive glass (BG) have been increasingly implemented in bone substitution due to their biocompatibility and close resemblance to the mineralized phase of human bone. Furthermore, biomaterials can be synthesized from natural sources with calcium-based skeletal structures. In this study, HA and BG were synthesized from bovine bone and mollusk shell, and mixed together to form HA-BG composite biomaterial. Then, the mixtures were compressed into a compact scaffold with dimension of 8×6×8 mm 3 , sintered at 1,000 ˚C for 3 hours and cooled down to room temperature. The compressive strengths of all specimens were evaluated using a universal testing machine. Experimental design was implemented to evaluate the significant factors of forming conditions on the mechanical property of the scaffold. The results revealed that all forming factors have a significant effect on the mechanical property of the composite scaffolds. Consequently, the highest compressive strength (136.92 MPa) was obtained from the scaffold with a 5.85 wt% of BG, 23.41 MPa of pressure and 65.64 seconds of holding time. In addition, Finite Element (FE) modeling was performed to simulate the HA-BG plate under combined loading, and showed that stresses were concentrated near the fracture site and the screw holes.
Introduction
Bioactive ceramics have been developed and implemented in medical application as a bone substitute material for fractures. Calcium phosphate ceramics, particularly hydroxyapatite (HA: Ca10(PO4)6(OH)2) and bioactive glass (BG: 45S5), were widely implemented as implant materials due to their biocompatibility and close resemblance to the mineralized phase of human bone structures [1] , which can stimulate the formation of new bone with the surrounding tissue [2] . Furthermore, HA and BG can be synthesized from natural sources with calcium-based structures such as bovine bone, mollusk shell or corals [3] [4] . Therefore, these materials may be regarded as cost-effective biomaterial for bone tissue engineering for bone graft application.
HA is currently used as implant material in orthopedic surgery and dental implant due to its biocompatibility, osteoconductivity, and chemical similarity to the human skeletal system [5] . It has calcium to phosphate ratio of 1.67, which is homologous to natural human bone [6] . However, bulk HA cannot be used as load-bearing implants because of low mechanical properties such as high brittleness [5, [7] [8] . For this reason, researchers have previously attempted to combine HA with BG to develop composite biomaterials structure with better mechanical and biological properties [9] . This combination may be achieved through sintering, though sintering above 597 ˚C will cause crystallization of amorphous BG [10] . The Na2Ca2Si3O9 crystalline phase formed improves the mechanical property [11] and bioactive response [12] .
Finite element analysis (FEA) has played a role important in orthopedic surgery. A numerical model based on the FEA programs such as ANSYS, ABAQUS, MSC/MARC, and SolidWorks, etc. [13] [14] [15] [16] is frequently used to predict complicated problems, complex geometry and boundary condition. Consider the scenario of a fractured bone supported by a plate. It would be expected that stresses are distributed on the supported plate. To analyze this distribution, it is necessary to determine the mechanical properties of the plate such as the Poisson's ratio and Young's modulus [17] . Furthermore, FEA is also commonly used to analyze problems in other biomechanical fields such as forces acting on screw implants, drilling and tapping processes (to prevent drill-bit breakthrough of bone) as well as making predictions in orthodontics [13] [14] 16] .
Therefore, this work aims to investigate and identify appropriate pressing conditions for a HA-BG compact scaffold using the experimental design based on the Response Surface Method (RSM). These forming factors consist of mixing ratio, pressure and holding time. The optimal condition was evaluated based on an average compressive strength. Finally, the actual mechanical properties of the compact scaffold were used to configure a simulated finite element model under applied force.
Methodology

Preparation of HA
In this experiment, HA was synthesized from bovine bone. First of all, the bovine bone was cut into small pieces and soaked in hydrogen peroxide (H2O2) solution for 2 days to remove the ligaments and tissues. Then, the small pieces of bones were boiled into water to eliminate organic substances and collagen. Next, these bones were kept in the hot air oven at 120 °C for 7 hours to reduce their moisture content. The dried bones were calcined at 850 °C for 3 hours [2] [3] , before being grinded into powder by a high speed ball milling machine until the average particle size is less than 20 μm, as shown in Fig. 1(a) .
Preparation of BG
The BG developed by Larry L. Hench [18] composes of 45 wt% SiO2, 24.5 wt% Na2O, 24.5 wt% CaO and 6 wt% P2O5 is also known as Bioglass® 45S5. In the present study, the BG was synthesized from both chemical and natural substances: silicon oxide (Merck), sodium oxide (Merck), calcium oxide (synthesized using mollusk shell) and phosphorus pentoxide (Sigma-Aldrich, reagent grade 97%). An appropriate ratio of reagents was thoroughly mixed using a magnetic stirrer and poured into a ceramics crucible. This was heated at 1,100 °C for 2.5 hours using a furnace, as BG is known to start melting at 1,100 °C [19] . In this experiment, an agate mortar was used to reduce the particle size of material down to less than 20 μm as shown in Fig. 1(b) .
Biomaterial Characterization
To characterize the crystal phase in sintered BG, a small sample of pulverized BG was heated at 770 °C with 1 hour holding time to ensure formation of crystals [20] . The synthesized biomaterials were evaluated using X-Ray diffraction analysis (XRD) for phase identification. The specimen was examined using a Rigaku MiniFlex II desktop x-ray diffractometer using CuKα radiation. The data was recorded based on 2θ range of 20 -60°. 
Fabrication of HA/BG Compact Scaffold
Powdered HA and BG were mixed at varying ratios, and then pressed uniaxially using a hydraulic pressing machine and a forming mold as shown in Fig. 2 . To fabricate the compact scaffold in a manner similar to the methods used by Ravarian et al. [9] , the specimens were sintered in an electrical furnace at 1,000 °C for 3 hours and allowed to cool in the furnace to prevent thermal shock. 
Characterization of Mechanical Property
The compressive strength of sintered materials was measured using a universal testing machine (Instron 5566) at crosshead speed 0.5 mm/min [21] , with 10 kN load cell. The HA-BG compact scaffolds were cut into cuboids, with dimension of 8 (width) × 6 (height) × 8 (length) mm 3 for compression testing as shown in Fig. 3 . Compressive strength of the sample was evaluated based on the load to failure of the cuboid specimens.
(a) (b) (c) Fig. 3 . Compression test using universal testing machine (Instron 5566).
Experimental Design
The effect of pressing conditions and scaffold property was evaluated using Central Composite Design (CCD), which is one of the features of RSM. Table 1 describes the experimental boundary of factors including the mixing ratio, pressure and time, within which 20 combinations of experimental conditions were produced. A total of 40 specimens were fabricated for the experiments, in order to identify an appropriate pressing condition which would form a compact scaffold with optimal compressive strength. 
Finite Element Analysis
To simulate the effect of combined loading on the scaffold under development, a model of HA-BG plate with the dimension 4 mm x 16 mm x 100 mm (thickness, width and length) was set to locate on the humerus bone model and locked by 4 screws of diameter 3.5 mm drilled through the humerus. A fracture gap of 1 mm was assumed [22] . The interfaces between the HA-BG plate and humerus bone were treated as unpenetrated interfaces, while the contact interaction between the plate and the bone was defined as having coefficient of friction 0.3 [23] . The finite element simulation was run to observe the stress distribution upon the plate when it was under combined loading produced by an axial load applied to the humerus (Fig. 4.) . Under elastic deformation, a total force of 200 N was applied to the exterior nodes on the surface section 1, opposite the upper arm side. The exterior nodes on the surface section 2 of the upper arm were constrained in all directions as well as rotationally; this is represented by the fixed boundary as shown in Fig. 4 .
The previous experiments on HA-BG compact scaffolds had previously determined a Poisson's ratio of 0.28 and modulus of elasticity 1.88 GPa. Those properties are assumed to be homogeneous, isotropic, and linearly elastic in the simulation for the HA-BG plate. The humerus was defined as cortical bone, with a Poisson's ratio of 0.4 and modulus of elasticity of 3.40 GPa [23] . Tetrahedral elements with four nodes were used to create a mesh for all parts. The model consisted of 19,135 nodes and 10,679 elements [16] . 
Results and Discussion
Characteristics of HA and BG
The X-ray diffraction spectra of HA from bovine bone and BG were compared with JCPDS-ICDD #09-0432 and JCPDS-ICDD #0075-1687, respectively. According to the comparison, the dominant peaks of both synthesized materials significantly resembled the JCPDS standards. The diffraction peaks of the HA sample matched neatly with the standard peaks, without additions, as seen in Fig. 5(a) . This shows that the synthesized powder is indeed hydroxyapatite. X-ray diffraction of the synthesized BG is shown in Fig. 5(b) . The diffraction spectra before sintering proved that the synthesized BG was largely amorphous, while the spectra of the powder after thermal treatment at 770 °C [20] revealed intense peaks, which correlated to Na2Ca2Si3O9. 
Scaffold Characterization
The experimental results of the HA-BG scaffold based on compressive strength at each forming conditions is illustrated in Table 2 . The MiniTAB software was implemented in this study to generate the experimental plan and to statistically evaluate the effect of forming conditions on the mechanical properties. Analysis of Variance (ANOVA), as shown in Table 3 , has been used to identify the significance of all main factors, be it first order, second-order, or the product of different factors. Furthermore, R-squared and adjusted Rsquared statistics were calculated to indicate the extent to which fitted models could explain the variability of the results. In general, the factor with p-value less than 0.05 is considered as a significant factor. According to this analysis, the factors affecting the compression strength of the composite scaffold were the mixing ratio, pressure and holding time, as well as the square of pressure and time and the interaction term between BG ratio and pressure. Thus, the regression model of scaffold compressive strength (Y) can be described as
The residual plot of compression test is demonstrated in Fig. 6 , indicating a normal probability plot and normally distributed data. A normal probability plot can also be used to estimate the fitted distribution, evaluate percentiles, and correlate different sample distributions. The fitted distribution, the relation of the theoretical percentiles, and the sample percentiles, form a straight line. Thus, the normal probability plot of residuals implies that it is normally distributed. Fig. 7 and Fig. 8 show the surface and contour plot of the compressive strength versus BG mixing ratio and pressure. Consequently, the result of optimal conditions based on the response optimizer function (Fig. 9. ) was found at 5.85 wt% of BG mixing ratio, 23.41 MPa of pressure and 65.64 seconds pressing. It is worth noting that the compressive strength is significantly greater when under higher factor levels, due to the improvement of mechanical properties through the formation of crystalline phase [11] . According to the experimental analysis results, the HA-BG specimens which underwent compression at the lower boundary conditions had lower mechanical properties, while the higher boundary conditions produced scaffolds of better mechanical properties. Moreover, the compressive strength and bending strength achieved in this study are superior to that of another study [21] and meets the minimum requirement of cortical bone, as shown in Table 4 . It will be necessary to further investigate biological properties to confirm the biocompatibility of the compact scaffold as well as the biodegradability of the bone substitute, in order to make comparisons of the recovery rate or the regeneration rate of new bone growth. Furthermore, in vivo study will be required prior to implementation in patients. [23] Compressive strength 340 The previous study [21] Hydroxyapatite 
Stress Analysis in HA-BG plate
Stress distributions within the HA-BG plate are shown in Fig. 10 . As there are combined stresses acting upon the plate, Von Mises criteria is considered to describe the stress distribution. The criteria is used to design a problem with a complex loading condition. If the maximum value of stress exceeds the Von Mises criteria, the plate can be considered to have failed. The maximum stress of 15.6 MPa (combined compressive stress) is indicated at middle bottom edge of the plate, and some concentrations of stress can be observed around the screw hole. High stress distribution was found in B zone at the top and bottom regions. On the other hand, A and C zones show low stress distribution. These stress distributions are explained by the slight bending of the plate while it bears the load across the fracture gap, causing misalignment of the bones and plate axis. 
Conclusion
In this study, the effects of forming conditions on scaffold's compressive strength were evaluated based on CCD experimental design. The results revealed that all forming conditions have a significant effect on the mechanical properties of the composite scaffolds. The optimal condition was found at 5.85 wt% of BG mixing ratio, 23.41 MPa of pressure and 65.64 seconds of holding time, leading to the optimal compressive strength of 136.92 MPa. The optimal condition may be explained through the formation of a crystalline phase which strengthens the material. In addition, the simulation based on the axial load of 200 N applied to the bone resulted in a predicted maximum compressive stress of 15.6 MPa at the plate (combined compressive stress by axial and bending stresses). The simulated stress using FEA was compared with the testing compressive strength of HA-BG (136.92 MPa). Therefore, according to this simulation, the HA-BG scaffold can be applied safely as an implant. Further investigation on biological properties of the HA-BG compact scaffold is on-going to develop prototypes for clinical use in the near future.
